Ultrasound has received widespread attention as an emerging technology for targeted, non-invasive neuromodulation based on its ability to evoke electrophysiological and motor responses in animals.
Introduction 1
The use of ultrasound to elicit targeted changes in neural activity has been the focus of intense interest in 2 the neuroscience community due to its potential as a noninvasive technique with the ability to target deep-3 brain regions with millimeter precision (Landhuis, 2017) . Multiple studies in rodents and other organisms 4 have documented the ability of ultrasonic neuromodulation (UNM), applied transcranially in wild-type 5 animals, to elicit motor responses (Tufail et confounding the interpretation of UNM experiments in basic neuroscience research and the translation of 10 this technique towards clinical applications. In particular, no study has analyzed cortex-wide responses to 11 UNM to examine the neural circuits activated or inhibited by this technique, and how these circuits 12 connect to motor behavior. 13 Here we address this question by imaging UNM-evoked cortical responses in mice using wide-14 field fluorescence microscopy. Although it is limited to monitoring the cortex, fluorescent imaging has 15 several advantages as a readout for UNM effects compared to electrical, hemodynamic or metabolic 16 methods. Intracranial electrical recordings are limited in the number of regions that can be sampled at the 17 same time and the potential for artifacts due to the mechanical mismatch between electrodes and tissue, 18 while most extracranial EEG methods have limited ability to spatially localize the sources of recorded 19 events. At the same time, hemodynamic and metabolic techniques, such as fMRI and PET, may be 20 confounded by ultrasonic effects on the vasculature or metabolism in addition to neural activity 21 (Nonogaki et al., 2013 , Morishita et al., 2014 , Nonogaki et al., 2016 , Bonow et al., 2016 . By contrast, 22 wide-field calcium imaging provides a direct readout of neuronal activation across multiple regions of the 23 brain with relatively high spatiotemporal resolution, facilitating quantitative assessment of 24 neuromodulation-evoked activity patterns. 25 Using this technique we find, surprisingly, that applying ultrasound to the visual cortex elicits 26 cortical responses with spatial and temporal dynamics very similar to external audible sound. Moreover, 27 both UNM and audible sound elicit motor responses consistent with a startle reflex, which are reduced 28 with chemical deafening. These results suggest that, in addition to potentially direct neuromodulation, 29 focused ultrasound produces secondary mechanical effects that activate auditory pathways, leading to 30 motor responses. Together with the companion study by Guo et al. (https://doi.org/10.1101/233189). 31 demonstrating auditory effects of UNM in guinea pigs using electrical recordings and surgical deafening, 32 this work suggests that previous UNM studies may require re-interpretation, and that further technical 33 developments are needed to advance UNM as a spatially precise modality for noninvasive modulation of 34 neural circuits. 35 
RESULTS

36
Focused ultrasound produces broad cortical activation, starting with auditory cortex 37 To visualize cortical responses to ultrasound, we performed simultaneous UNM and wide-field cortical 38 imaging in transgenic Thy1-GCaMP6s mice (Dana et al., 2014) expressing the fluorescent calcium 39 indicator GCaMP6s (Chen et al., 2013b) . The mice were prepared with thinned skulls for optical access, 40 and positioned using a surgically-implanted head-restraint bar so as to enable the imaging of the dorsal 41 cortex while applying ultrasound ( Fig. 1A) . Anatomical landmarks such as Bregma and Lambda sutures, 42 as well as large blood vessels, can be seen in the raw fluorescence image ( When we quantified the time course and strength of the calcium signals in the auditory cortex and 62 the targeted visual cortex as a function of ultrasound intensity, we found that auditory regions were 63 reliably activated earlier, and with lower powers of ultrasound, than the targeted visual cortical area ( Fig.   64 2, A-B). Furthermore, the visual cortex targeted with ultrasound showed similar response kinetics and 65 dependence on ultrasound intensity as the contralateral visual cortex, which was not targeted with 66 ultrasound (Fig. 2 , C-D). On both sides, the visual cortex showed an early fluorescence decrease, 67 suggestive of cross-modal sensory inhibition (Iurilli et al., 2012) . 68 The observation of strong and early signals in the auditory cortex led us to hypothesize that 69 ultrasound was indirectly activating auditory pathways. To determine whether this activation was due to 70 stimulation of inner ear structures or direct action on neurons in the auditory cortex, we compared 71 auditory cortex activation ipsilateral and contralateral to the ultrasound focus. If the effects are mediated 72 by the inner ear, one would expect the ear closest to the ultrasound focus to receive more of the stimulus, 73 resulting in stronger activation of the contralateral auditory cortex due to auditory pathway decussation in 74 the brainstem ( Fig. 2E ). Mice stimulated in separate trials at both right and left visual-cortical targets 75 showed a clear contralateral bias, present in all animals tested ( Fig. 2F ), supporting the hypothesis that 76 auditory cortex activation results primarily from effects on the ear closest to the ultrasound focus. Ultrasound and audible sound elicit movements consistent with startle reflex 110 Since most previous studies of UNM have used motor behavioral readouts, we asked whether limb 111 movement elicited by ultrasound could be due to the secondary auditory effects identified in our imaging 112 experiments. In particular, it is well known that unexpected sensory stimuli such as sound and air puffs 113 can cause startle reflexes in animals, manifesting as movement (Galvani, 1970 , Pilz, 2004 , Vogel, 2005 , 114 and that strong stimuli can induce temporary arousal from anesthesia (Venes et al., 1971, Otto and Mally, 115 2003, March and Muir, 2005) . To assess this possibility for ultrasound, we recorded electromyographic 116 (EMG) signals from the left hindlimb as we applied UNM to the right visual cortex. This target area, 117 located in the posterior region of the brain, has been shown by previous studies to be close to optimal for Chemical deafening reduces motor responses to ultrasound and audible sound 128 The fact that sound and ultrasound both elicited similar EMG signals suggested that the motor effects of 129 UNM may, at least partially, be due to auditory-mediated startle rather than direct effects of ultrasound on This cocktail is expected to produce partial deafening within 30 minutes after furosemide administration 133 (Li et al., 2011 , Xia et al., 2014 . Strikingly, chemical deafening greatly reduced the motor responses to 134 both sound and ultrasound, while leaving air puff response rates unaltered ( Fig. 5C ). 135 In an additional experiment, we tested uncoupling the ultrasound transducer from the head by not 136 using ultrasound gel. This resulted in a near complete abolishment of motor responses to ultrasound in 137 animals that still responded to sound. This suggests that the auditory activation from ultrasound requires 138 contact, and is not caused by airborne transmission of sound waves from the transducer to the ears. 139 As expected for the chemical deafening protocol, animals had variable hearing loss, and saline-140 injected sham animals also showed some variability in their response to auditory stimuli, possibly due to 141 differences in sensitivity to anesthetics or tendency for startle. This allowed us to examine the correlation 142 between each animal's responsivity to sound and to ultrasound (Fig. 5D ). The strong correlation between 143 responses to these two stimuli (R 2 = 0.84), is further evidence of the involvement of auditory pathways in 144 ultrasound-induced motor responses. 145 In addition to the EMG results above, we attempted to observe the impact of chemical deafening 146 on cortical calcium signals. However, chemical deafening in the older transgenic animals we used for 147 imaging resulted in high mortality. We suspect that this is due to the age of the mice, as chemical 148 deafening has not been tested in older animals. Unfortunately, the surgery to implant a head plate and thin 149 the skull necessitates older animals (20+ weeks) for good post-surgical recovery. Animal Surgery: Anesthesia was induced by placing mice in a clean induction chamber and delivering 252 5% isoflurane. The animals were then placed in a stereotax and the head was held steady using ear bars 253 and a nose cone. Anesthesia was maintained via delivery of isoflurane (1.5~2%) through the nose cone. 254 Body temperature was maintained using a heating pad. Extra care was made to ensure the eyes remained 255 protected using ophthalamic ointment. Briefly, fur was removed using hair removal cream and the 256 exposed scalp sterilized using chlorhexidine. The skull was then exposed via an incision along the midline reduces skull thickness to ~ 50 microns, further lessening any aberration effects on the ultrasound field. 266 Finally, craniotomies to expose the area of cortex that was imaged in this study carry higher risks both 267 during surgery and recovery. Mice used for EMG did not undergo the skull-thinning procedure as optical 268 access to their brain was not needed, and previous studies have demonstrated that these skulls are 269 acoustically transparent to 500 kHz ultrasound (King et al., 2013) . All animals were then implanted with 270 a stainless steel head-restraint plate using dental acrylic (C&B-METABOND, Parkell, Inc., Edgewood, 271 NY). The exposed skull was covered using quick-acting silicone (Kwik-Sil, World Precision Instruments, 272 Inc. Sarasota, FL) to form an easily removable silicone plug. Animals were then placed in a heated clean 273 cage and allowed to recover.
274
Experimental Preparation: Each experiment day, anesthesia was induced by placing mice in a clean 275 induction chamber and delivering 5% isoflurane. As soon as voluntary movement ceased, mice were 276 quickly moved to the head-restraint setup and maintained at 2% isoflurane for preparation. The silicone 277 plug was removed. A 3D printed well was attached to the dental acrylic well on the skull and to the head-278 restraining bars. The ultrasound transducer, angled at 60 degrees from parallel was brought to the 279 approximate region using a 3D-printed piece that clipped onto the transducer holder and allowed 280 targeting. This piece was then removed to allow optical access to the focus. A fiber-optic hydrophone was 281 then brought to the target location. The well was then filled with ultrasound gel. For imaging, a glass plate 282 was brought down to flatten the top surface so that imaging can be performed through the gel. Air bubbles 283 were removed using a syringe. To keep the anesthesia protocol as similar as possible to other studies 284 utilizing isoflurane (Ye et al., 2016) , anesthesia was maintained at 2% for a total of 34 min. Anesthesia 285 was then reduced to 0.5% for 5~10 min as needed for tail-pinch reflexes to return, and then increased to 286 0.6%. The ultrasound transducer was then adjusted using a 4-axis micrometer (XYZ + axial) to maximize 287 the pressure at the hydrophone using short, low-intensity pulses (50 us pulses, 500ms between pulses, 100 288 kPa peak pressure). Experiments were then started. 
Non-Ultrasonic Stimuli Generation and Delivery:
Three non-ultrasonic stimuli: light flashes, air-coupled 337 sound, and air puffs, were used as well. The timing signal for non-ultrasonic stimuli was generated using 338 two timing/counter channels on the DAQ board. This signal was passed through an optoisolator 339 (HCPL2630M, ON Semiconductor, Phoenix, AZ). Using AND gates (CD74AC08E, Texas Instruments, Dallas, TX) and three digital logic output channels on the DAQ (one for each modality), this timing signal 341 was routed to three independent NMOS circuits to power an LED, speaker, or solenoid valve at their 342 appropriate driving voltages. Sound was generated by delivering a timed +5V pulse that drove a speaker 343 (SP-1813-2, Soberton, Inc, Minneapolis, MN) placed near the mouse's ear. The waveform for the loudest 344 sound were generated by a train of 200 us-long +5V pulses at a repetition frequency of 1500 Hz for a total 345 of 120 repeats, resulting in a 30% duty cycle waveform that was approximately 80 ms in duration. Lower 346 intensity sounds were generated by reducing the duty cycles by 30% successively, but with the same 347 driving voltage, frequency, and number of pulses. The speaker volumes were measured to be 108 dB, 3. Cross-modal projections from these auditory regions lead to modulation of neural activity across the cortex, including the neurons that are within the focal zone of ultrasound. The timing and sign of this modulation is nearly identical to that caused by air-coupled sound. 4. The auditory percept can also lead to startle-like motor responses.
